The benefits of marker assisted selection (MAS) are evaluated under realistic assumptions in schemes where the genetic contributions of the candidates to selection are optimised for maximising the rate of genetic progress while restricting the accumulation of inbreeding. MAS schemes were compared with schemes where selection is directly on the QTL (GAS or gene assisted selection) and with schemes where genotype information is not considered (PHE or phenotypic selection). A methodology for including prior information on the QTL effect in the genetic evaluation is presented and the benefits from MAS were investigated when prior information was used. The optimisation of the genetic contributions has a great impact on genetic response but the use of markers leads to only moderate extra short-term gains. Optimised PHE did as well as standard truncation GAS (i.e. with fixed contributions) in the short-term and better in the long-term. The maximum accumulated benefit from MAS over PHE was, at the most, half of the maximum benefit achieved from GAS, even with very low recombination rates between the markers and the QTL. However, the use of prior information about the QTL effects can substantially increase genetic gain, and, when the accuracy of the priors is high enough, the responses from MAS are practically as high as those obtained with direct selection on the QTL.
INTRODUCTION
The rapid advances in molecular genetic technologies in the last decades have greatly increased the chances of identifying quantitative trait loci (QTL) or markers linked to such loci in livestock species. A considerable number of markers linked to economically important traits are now available e.g. [1, 5, 6, 16] and this is likely to increase in the next few years. Markers linked to QTLs can be used as an aid in selection decisions to increase the accuracy of selection and thus genetic gain.
Statistical methods have been developed for using marker information in BLUP (best linear unbiased prediction) genetic evaluations [4, 9, 12, 15, 29, 33] . BLUP methodology allows simultaneous estimation of both the QTL and the polygenic effects. The QTL effect is accounted for in the mixed model as an extra random effect with covariance structure proportional to the IBD (identityby-descent) matrix at the QTL position given the linked markers. Thus, the evaluation is not restricted to a given type of pedigree structure.
Studies investigating the value of marker assisted selection (MAS) for increasing genetic response in outbred populations have found extra (although variable) gains e.g. [20, 22, 26, 27] , particularly for sex-limited and lowly heritable traits. These studies have compared MAS and conventional schemes based on rates of genetic gain obtained with standard truncation selection where the number of parents selected and their contributions are fixed. Thus with standard truncation selection, both types of schemes could lead not only to different rates of genetic gain but also to different rates of inbreeding.
The use of selection algorithms that optimise the contributions of the selection candidates for obtaining maximum genetic gains while restricting the rate of inbreeding give higher gains than truncation selection and allow to compare schemes at the same rate of inbreeding [13, 19] . Studies of the benefits of these techniques [2, 3, 19] suggest approximately 20% improvements in the rates of gain and higher over conventional truncation BLUP.
These optimisation procedures have been proven to work well when selection is directly on a major gene that is segregating in addition to the polygenes. Villanueva et al. [31] showed that optimised selection gave higher gains than truncation selection and was able to constrain the increase in inbreeding to the desired value under this type of a mixed inheritance model. Also, they showed that the conflict between long-and short-term responses from explicit use of the known gene [10, 11, 17, 24] can be resolved in schemes with constrained inbreeding, and where the basis of evaluation is BLUP, but only under some scenarios (e.g. when the gene had a large effect).
Previous research on the optimisation of schemes using information on a QTL has assumed that all individuals have a known genotype for the QTL and that its effect is known without error [30, 31] . This assumption may not often hold in practise and markers, rather than known genes, are more likely to be used. On the contrary, previous studies on MAS have not considered the rate of inbreeding. In this study we extended the optimisation method for maximising gain while restricting the rate of inbreeding, to include selection on genetic markers rather than on the QTL itself. The optimisation algorithm uses BLUP breeding values obtained by using the methodology of Fernando and Grossman [9] and pedigree data. Expected genetic gains from GAS and MAS schemes were compared. Also, in order to investigate the reasons for differences in response between GAS and MAS, the benefits obtained from MAS when independent prior information about the QTL effects was used in the genetic evaluation were evaluated. Rates of gain obtained from different schemes were compared at fixed rates of inbreeding.
METHODS
Three types of schemes were compared using Monte Carlo simulations: (1) phenotypic selection (PHE): selection ignoring information on the QTL or on the markers when estimating breeding values (EBVs); (2) gene assisted selection (GAS): selection using information on the QTL assuming that its effect is known and that all individuals have a known genotype for the QTL; and (3) marker assisted selection (MAS): selection using information on markers linked to the QTL (i.e. assuming that the effect and the genotypes for the QTL are unknown). BLUP genetic evaluation was used in the three types of schemes. Although the optimisation algorithm was used to evaluate the benefit from MAS over conventional selection (PHE), schemes under standard truncation selection were also run for comparison. With "optimised selection", the numbers of parents and their contributions were optimised each generation to maximise genetic gain while restricting the rate of inbreeding. With truncation selection, the number of parents and the family sizes were fixed across generations.
Genetic model
The trait under selection was genetically controlled by an infinite number of additive loci, each with an infinitesimal effect (polygenes) plus a single biallelic (alleles A 1 and A 2 ) locus (QTL). The total genetic value of the ith individual was g i = v i + u i , where v i is the genotypic value due to the QTL and u i is the polygenic effect. The QTL had an additive effect (a), defined as half the difference between the two homozygotes. Thus the genotypic value due to the QTL was a, 0 and −a for individuals with the genotype A 1 A 1 , A 1 A 2 and A 2 A 2 , respectively. The genetic variance explained by the QTL in the initial population was σ 2 v = 2p(1 − p)a 2 , where p is the initial frequency of the favourable allele A 1 [8] . In addition to the polygenes and the QTL affecting the trait, a set of polymorphic marker loci linked to the QTL were simulated. The markers were flanking the QTL and they did not have any effect on the selected trait. At least six alleles of equal frequencies were simulated for each marker. Most simulations were run with two flanking markers.
Simulation of the population
The base population (t = 0) was composed of N individuals (N/2 males and N/2 females) with family structure. A number g random of prior generations (t < 0) of random selection were simulated to create this family structure. In most simulations, g random was set to one. The initial population was composed of N unrelated individuals. Random selection of N so males and N do females was applied to generations t < 0. Generation 1 (t = 1) was obtained from the mating of individuals selected at t = 0. The number of selection candidates (N) was kept constant across generations. In the initial population, the polygenic effect for each individual was obtained from a normal distribution with mean zero and variance σ 2 u . The alleles at the QTL and the markers were chosen at random with appropriate probabilities (i.e. those given by the initial allele frequencies). The markers, QTL and polygenes were in linkage phase equilibrium. The phenotypic value for an individual i (y i ) was obtained by adding a normally distributed environmental component (e i ) with mean zero and variance σ 2 e to the total genetic value (g i ). In subsequent generations, the polygenic effect of the offspring was generated as the average of the polygenic effects of their parents plus a random Mendelian deviation. The latter was sampled from a normal distribution with mean zero and variance (σ 2
where F s and F d are the inbreeding coefficients of the sire and dam, respectively. Marker and QTL alleles were transmitted from parents to offspring in classical Mendelian fashion, allowing for recombination. The Haldane mapping function (e.g. [18] ) was used to obtain the relationship between the distance between two loci and their recombination frequency. In MAS schemes, all individuals are assumed to be genotyped each generation for the marker loci (including t < 0). In GAS schemes, all individuals were assumed to be genotyped for the QTL.
Estimation of breeding values
Gains obtained in schemes where genetic evaluation makes use of markers linked to the QTL were compared to those obtained in schemes where the QTL effect was assumed to be known and to those obtained in schemes that ignored all the genotype information on the QTL and the markers.
Schemes ignoring genotype information (PHE)
When the information on the QTL or on the markers was not used, genetic evaluations were entirely based on phenotypic and pedigree information. The total estimated breeding value for an individual i (EBV i ) was obtained from standard BLUP using the total genetic additive variance (σ 2 v + σ 2 u ) of the base population and the phenotypic values uncorrected for the QTL effect.
Schemes with direct selection on the QTL (GAS)
In schemes selecting directly on the QTL, it was assumed that all individuals had a known genotype for the QTL and that its effect was known without error.
In this case the estimated breeding value was:
whereû i is the estimate of the polygenic breeding value and w i is the breeding value due to the QTL effect. The estimateû i was obtained from standard BLUP using the polygenic variance (σ 2 u ) and the phenotypic values (y i ) corrected for the QTL effect (y i = y i − v i ). The breeding value for the QTL was 2(1 − p)a, [(1 − p) − p]a and −2pa for individuals with genotype A 1 A 1 , A 1 A 2 and A 2 A 2 , respectively [8] . The frequency p was updated each generation to obtain w i .
Schemes with selection on the markers (MAS)
The estimation of breeding values when using information from markers linked to the QTL was carried out following the methodology of Fernando and Grossman [9] . The model used was:
where y is the vector of phenotypic values, X, Z and W are known incidence matrices relating the observations to the fixed effects (b), the polygenic effects (u) and the QTL effects (v), respectively and e is the vector of residuals. Here, b only includes the population mean. The vector v contains two QTL effects for each individual i, one for the paternal allele and another one for the maternal allele (v p i and v m i , respectively). Fernando and Grossman [9] showed that, assuming that the variances in the base population are known, both the polygenic and the QTL effects can be estimated using BLUP. The mixed model equations (MME) including the QTL effects are:
where A and G represent the covariance matrices between individuals for the polygenic and the QTL effects, respectively. Thus A and G are, respectively, the numerator relationship matrix and the gametic relationship matrix (or IBD matrix) at the QTL position given the genotypes of the linked marker loci with a known recombination rate with the QTL. The matrix G given the marker loci genotypes, was obtained using the deterministic approach of Pong-Wong et al. [23] . The inverse of the numerator relationship matrix, A, was directly obtained using the rules of Henderson [14] and Quaas [25] . Finally, γ 1 and γ 2 are the variance ratios (σ 2 e /σ 2 u and σ 2 e /[(0.5)σ 2 v ], respectively) in the base population.
The total estimated breeding value when MAS was applied was the sum of the estimates of the polygenic and the QTL effects obtained by solving the mixed model equations:
Inclusion of prior information on the QTL effect in the estimation of breeding values
Information on the QTL effect obtained in, supposedly, independent QTL studies was included in the MME in order to investigate if this information could be used to increase the value of MAS.
Let us assume that, in addition to the marker genotypes and performance records, some candidates also have prior information about the QTL effect, which was obtained independently from previous QTL studies. For an individual i,v * i is a prior estimate of the combined additive effects of its two QTL alleles and this estimate has a certain accuracy (ρ * i ). This information can then be used in the genetic evaluation to increase the accuracy of the estimates of the QTL effects.
The prior information was included into the MAS evaluation by adding information of "phantom" offspring into the MME. Thus for an individual i, n i "phantom" half sib offspring were created, each having one phenotypic observation (y * o(i) ). The specific modifications carried out in the MME are detailed in Appendix A. The number of "phantom" offspring (n i ) and their phenotypic value (y * o(i) ) are functions ofv * i and ρ * i as described in Appendix B. The marker genotypes of the "phantom" offspring were assumed to be noninformative (i.e. the offspring were not genotyped for the markers).
Selection procedures
The benefit of using markers was evaluated using a selection tool that optimises each generation for the contributions of the selection candidates. For purposes of comparison, the schemes under standard truncation selection (i.e. static schemes with fixed numbers of parents) were also simulated.
Optimised selection
With this type of selection, the numbers of individuals selected and their contributions are optimised for maximising genetic progress while restricting the rate of inbreeding to a specific value. The inbreeding rate considered here was computed from the pedigree based numerator relationship A matrix (i.e. it refers to the average inbreeding of the genome). The optimal solutions (c t ) were found by maximising the function described in Meuwissen [19] :
where c t is the vector of contributions to the next generation of the N selection candidates available at generation t, EBV is the vector of their estimated breeding values (described before for the three types of schemes), A is the numerator relationship matrix of the candidates, Q is a known incidence matrix N × 2 with ones for males and zeros for females in the first column and ones for females and zeros for males in the second column, C is the constraint on the rate of inbreeding as described in Grundy et al. [13] 
where ∆F is the desired rate of inbreeding), 1 is a vector of ones of order 2 and λ 0 and λ (a vector of order 2) are Lagrangian multipliers. The solutions obtained with this algorithm (c t ) are expressed as mating proportions which sum to a half for each sex. The optimal number of offspring (integer) for each parent was obtained from c t as described in Grundy et al. [13] . Each parent was randomly allocated to different mates (among the selected individuals) to produce its offspring.
It should be noted that the optimisation applied here differs from that described by Dekkers and van Arendonk [7] where the purpose was to achieve the optimal emphasis given to the QTL relative to the polygenes across generations for maximising gain in truncation selection schemes. Dekkers and van Arendonk [7] considered infinite populations and therefore no accumulation of inbreeding.
Truncation selection
With standard truncation selection, a fixed number of individuals (N s males and N d females) with the highest estimated breeding values are selected to be parents of the next generation. Matings were hierarchical with each sire being mated at random to N d /N s dams and each dam being mated to a single sire. Each dam produced the same number of offspring of each sex (i.e. N/2N d males and N/2N d females).
Parameters studied
In the scheme used as a reference (basic scheme), a single extra generation was generated to create a family structure at t = 0 (g random = 1) by using N so = 10 sires and N do = 20 dams. In schemes under truncation selection the numbers selected at t > 0 were N s = 10 and N d = 20. The number of candidates across generations (N) was 120. The polygenic and the environmental variances were σ 2 u = 0.2 and σ 2 e = 0.8, respectively, giving a polygenic heritability of 0.2. The effect of the QTL was completely additive with a = 0.5σ p (where σ 2 p = σ 2 u +σ 2 e ). The initial frequency of the favourable allele was 0.15. Thus at the founder generation (t = −1 with g random = 1), the additive variance explained by the QTL and the total heritability were σ 2 v = 0.0638 and h 2 t = 0.25, respectively.
Two flanking markers with six equifrequent alleles each were simulated. The distance between each marker and the QTL (d) was 10 cM. Alternative schemes considered different numbers of extra generations of random selection prior to selection (g random = 4), different distances between each flanking marker and the QTL (d = 0.05, 1, 5, 10, 20 and 30 cM) and different numbers of alleles for the markers (12 alleles of equal frequencies). Simulations with a large number of flanking markers (40) were also run. In schemes where prior information on the QTL effects was considered, it was assumed that this information was unbiased and obtained independently from another population. Different accuracies for the prior were considered and expressed as the number of "phantom" offspring (n; see Appendix B). At any given round of selection, all current candidates (or only male candidates) were assumed to have prior information on the QTL. For a candidate i, its prior informationv * i was assumed to be its true genotype effect regressed by the squared accuracy of the prior (i.e.v * i = v * i ρ * i ). The number of replicates varied from five hundred to a thousand, depending on the method of selection (less replicates were run when selection was on the markers due to computing requirements).
RESULTS
The results presented are conditional on the survival of the favourable QTL allele (i.e. replicates where the allele was lost in any generation were excluded). However, for all the parameters and schemes studied, the probability of survival was always very close to one (i.e. higher than 0.99) except for the PHE schemes. In the latter, the survival rate was 0.985 and 0.989 for truncation and optimised selection, respectively. Given the small number of replicates where the favourable allele was lost, their exclusion from the analysis was not expected to introduce any significant bias in the results presented. Table I shows the total accumulated gain and the frequency of the favourable allele for the QTL over generations for the three types of basic schemes (GAS, MAS and PHE) under truncation and optimised selection. MAS was carried out assuming that the QTL was situated in the middle of a marker bracket of 20 cM (i.e. the distance between each marker and the QTL was 10 cM). In order to make an objective comparison between both methods of selection, the rate of inbreeding used in the optimised scheme was restricted to the same value as that obtained with truncation selection (∆F ≈ 5%). The increase in inbreeding was maintained at the desired constant rate with optimised selection (results Table I . Total accumulated genetic gain (G) and frequency of the favourable allele (p) across generations (t) obtained from truncation and optimised BLUP selection. Selection was on two flanking markers each 10 cM apart from the QTL (MAS), directly on the QTL (GAS), or ignoring genotype information (PHE). The initial p was 0.15. With optimised selection, ∆F was restricted to 5%. † not shown) and consequently the accumulated inbreeding was very similar for the schemes compared. With optimised selection, the optimum number of individuals selected (which was practically constant after t = 1) was the same for both sexes (around 9 males and 9 females) and for the three types of selection (GAS, MAS and PHE). These values were lower than the numbers selected under truncation selection (10 males and 20 females).
Benefit from GAS and MAS with optimised and truncation selection
The trend in genetic gain obtained with MAS schemes showed a similar pattern, in qualitative terms, to that observed with GAS (Tab. I, Figs. 1a and 1d ). With both truncation and optimised selection, MAS produced extra gains in earlier generations relative to phenotypic selection (PHE) through a faster increase in the frequency of the favourable allele. Also, the lower rate in the polygenic gain observed with MAS relative to PHE in the early generations (see Figs. 1b and 1e ) led to lower long-term gains in the MAS schemes.
The early benefit of using MAS was substantially smaller than the benefit from GAS. For the genetic parameters used in Table I , the extra gains of MAS relative to PHE were the highest at generations 3 (optimised selection) and 4 (truncation selection) and they were around 6%. This value represented less than half the benefit achieved with GAS over PHE for these generations (11% and 16% for truncation and optimised selection, respectively). The advantage of GAS over MAS was even higher at generations 2 (optimised selection) and 3 (truncation selection) where GAS had the maximum benefit over PHE. On the contrary, the loss in accumulated gain in the longer term obtained with GAS relative to PHE was much smaller when using MAS. By generation 9, the favourable allele was almost fixed in all truncation selection schemes (p ≥ 0.98) and the total genetic gain from MAS was still greater than that obtained with PHE. The greatest long-term loss relative to PHE was observed in optimised GAS schemes.
The optimised selection schemes followed the same pattern in gain from GAS and MAS relative to PHE as truncation selection schemes but yielded a greater benefit. Additionally, the optimisation of contributions also increased the relative advantage over PHE of including the information on the QTL via the genotype of the QTL itself. The peak of maximum gain was also achieved faster with optimisation than with truncation selection (see also Fig. 1 ). After the first generation of selection, the gain achieved when selecting on the markers was from 15 to 24% higher with an optimised selection than with a truncation selection. By generation 7, when the gene frequency was about 0.97 or higher, the genetic gain of the optimised PHE was greater than both GAS and MAS using truncation selection. Figure 1 shows the results of GAS compared to different MAS scenarios with varying distance (d) between each of the two markers bracketing the QTL position and the QTL itself. The results shown are for optimised and truncation selection schemes and for total and polygenic gain expressed as a deviation from the gain achieved with the corresponding PHE scheme. Changes in the frequency of the favourable allele over generations are also shown. For all d values, the general pattern was the same as that described above for d = 10 cM (Tab. I). In general, GAS outperformed all MAS schemes in the early generations of selection, but MAS surpassed the performance of GAS in later generations, especially with the optimised schemes. The optimisation of contributions led to a faster increase in the frequency of the favourable allele (relative to truncation selection), particularly in GAS schemes and the early loss of polygenic gain in these schemes was high. The narrower the marker bracket, the closer the response to selection in MAS schemes was to the response in GAS (Fig. 1) . However, the results from MAS were somewhat disappointing in that, even with markers only 0.05 cM away from the QTL position, MAS achieved only a small proportion of the extra gain obtained with GAS in the early generations. This low benefit of MAS was more accentuated in the first generation of selection where the extra gain from MAS relative to PHE was only around 20% of that achieved with GAS. Across all MAS schemes, the maximum accumulated benefit over PHE occurred between generations 3 and 4, representing, at most, half of the maximum benefit achieved by GAS (observed earlier, between generations 2 and 3).
Effect of recombination between the markers and the QTL
Among the MAS schemes, those that had greater gains in early generations had lower gains in later generations. However, with truncation selection, some cases within the MAS schemes which achieved greater gain than PHE in early generations were not necessarily associated with a lower accumulated gain in later generations. In some scenarios (e.g. d = 10), MAS truncation selection schemes yielded a greater short-term gain than PHE but had no or little detrimental effects in the accumulated gain at generation 10 ( Fig. 1a ). At this generation, the favourable allele was practically fixed in all MAS schemes ( Fig. 1c) and their cumulated total gain was still higher than with PHE in some cases. The long-term loss in genetic gain in MAS schemes was clearer with optimised selection (Fig. 1d ).
For all values of d, the genetic gains achieved with the optimised schemes were higher than the gains achieved with truncation selection (results not shown except for d = 10 cM in Tab. I). As mentioned above, optimised selection increased the relative advantage of GAS over PHE. However, the relative advantage of MAS schemes over PHE was similar for truncation and optimised selection. Figure 2 shows gains obtained with truncation and optimised selection when prior information on the QTL was included in the mixed model equations. Two flanking markers each 10 cM away from the QTL were simulated. Different accuracies for the prior estimate of the QTL effect were considered. These values, which refer only to the QTL, were 0.14, 0.40, 0.81 and 0.98 and corresponded to n = 1, n = 10, n = 100 and n = 1 000, respectively (see Appendix B).
Effect of using prior information on the QTL effects

Figure 2.
Total accumulated genetic gain over generations obtained from truncation and optimised BLUP selection on the QTL (GAS) and on two flanking markers with (n > 0) and without prior (n = 0) information. Here, n is the number of "phantom" offspring. The results are expressed as deviations from gains from selection ignoring genotype information (PHE). : GAS; : MAS, n = 1 000; ×: MAS, n = 100;
: MAS, n = 10; * : MAS, n = 1; •: MAS, n = 0.
The results indicate a continuous early response according to the amount of prior information (Fig. 2 ). This was due to an increase in the accuracy in predicting QTL effects by increasing the amount of information. With MAS and ρ * = 0.81, the response obtained was already very close to that obtained when selecting directly on the QTL (GAS) and very little improvement was observed when increasing ρ * from 0.81 to 0.98. In other words, the accuracy ρ * = 0.81 was already sufficiently high to obtain accurate estimates. However, even when using priors of low accuracy (ρ * = 0.14) there was a clear improvement in the response obtained compared to the response from standard MAS.
A situation more likely to be found in practice is presented in Figure 3 . Here, only one sex (the males) had prior information. Also, records were only available for females. A comparison with the results described above indicates similar trends to those reported in previous studies for standard MAS without the use of priors (e.g. [27] ). Although lower gains were obtained for the sex-limited trait than for the trait recorded in both sexes, MAS appeared to have more potential (relative to PHE) for the former type of trait. The use of prior information only for the males also substantially increased the potential of MAS.
DISCUSSION
This study investigated the benefits from marker assisted selection under clear and realistic assumptions (i.e. unambiguous model, phase of the markers unknown) when the genetic contributions of the candidates for selection are optimised for maximising the rate of genetic progress while restricting the rate of inbreeding to a specific value. Different schemes (i.e. GAS, MAS and PHE) were compared at the same rate of inbreeding. This represents an improvement over previous studies evaluating the benefit of MAS that have focussed on genetic gains obtained under truncation selection [20, 22, 26, 27] and that have assumed known marker haplotypes when estimating QTL effects [26, 27] . Another novel aspect of this study was the inclusion of prior information on the QTL effects in the genetic evaluation of MAS schemes.
The optimisation of genetic contributions had a much bigger impact on genetic response than the use of markers. Significantly higher gains were obtained, in all cases, with optimised selection when compared to gains from truncation selection. The benefits from the optimised contributions were in line with those previously published. Villanueva et al. [31] have already shown that optimised selection ignoring all genotype information does as well as truncation GAS in the short-term and better in the long-term.
The optimisation method used here maximised genetic gain from the parental to the offspring generation while imposing a restriction on the rate of inbreeding. The emphasis given to the estimated breeding value (EBV) for . Total accumulated genetic gain over generations obtained from truncation and optimised BLUP selection on the QTL (GAS) and on two flanking markers with (n > 0) and without prior (n = 0) information. Here, n is the number of "phantom" offspring. Selection was for a sex limited trait and prior information was only available for males. The results are expressed as deviations from gains from selection ignoring genotype information (PHE). : GAS; : MAS, n = 1 000; : MAS, n = 10;
•: MAS, n = 0. the QTL (relative to the polygenic EBV) in the selection criterion was fixed and therefore not optimal. This led to the previously described finding that the extra gains expected from GAS and MAS (relative to PHE) in the early generations of selection are not maintained in the long-term. The loss in longterm response of GAS and MAS was initially described for schemes under mass truncation selection (e.g. [11, 24] ). Villanueva et al. [31] showed that the conflict between long-and short-term responses from explicit use of the known gene could disappear in schemes with constrained inbreeding, and where the basis of evaluation is BLUP. However, this was only valid for scenarios where the gene had a larger effect than that considered here (a = 2.0 versus a = 0.5). When the sum of genetic levels over generations (G 1 + · · · + G 10 ) was considered, GAS produced the highest value and PHE produced the lowest but the differences between schemes were very small (results not shown).
Dekkers and van Arendonk [7] optimised the relative weight given to the QTL over generations and avoided the detrimental long-term effect. However, they assumed fixed contributions of candidates and no accumulation of inbreeding. The combined optimisation of contributions of selection candidates and weights on the QTL across generations could allow substantial increases in gain at a fixed rate of inbreeding and avoid the conflict between short-and long-term responses in GAS schemes [30] .
The use of markers, in addition to optimised contributions, led to only moderate extra gains in the short term. The responses from MAS were intermediate to those obtained by selecting directly on the QTL and those obtained in conventional schemes that ignore molecular information. However, for the size of the population considered here, a substantial reduction in response was observed before fixation in both truncation and optimised selection when selecting on the markers rather than on the QTL itself, even with a recombination rate between the markers and the QTL as low as 0.0005 (d = 0.05). This value for d might be unrealistic in practice but it was chosen to provide an indication of the potential upper limit of the genetic progress expected from MAS. The disadvantage of MAS relative to GAS in the short term was also observed for traits that can benefit more from MAS (i.e. lowly heritable and sex-limited traits). Also, the relatively low performance of MAS remained similar when the number of alleles per marker was increased from 6 to 12, suggesting that the low performance of MAS was not due to a lack of information on the marker genotypes used during the selection process. Similarly, schemes with intermediate initial frequency of the favourable allele (p = 0.5), schemes with selection on a large number of markers (i.e. 40) and schemes with QTL effects normally distributed also showed this loss in gain when using MAS (results not shown).
In previous studies, the benefits from MAS have been found to be very variable depending on the genetic model assumed, the population structure and the time horizon [28] . Our truncation selection results are in line with those found by Ruane and Colleau [26] who assumed similar models and structures to those simulated here (i.e. mixed inheritance model, one single biallelic additive QTL flanked by two polymorphic markers, BLUP genetic evaluation model of Fernando and Grossman). Their results showed only a small short-term advantage of MAS over PHE (i.e. less than 4%). A scheme under truncation selection using a set of their parameters (d = 10 cM, p = 0.5, σ 2 u = 0.4375, σ 2 v = 0.625, σ 2 e = 1.5, N s = 8, N d = 16 and N = 128) was simulated and produced similar results to those found by Ruane and Colleau [26] . Higher benefits from genotype information would be expected when that information is used at selection stages where limited or no phenotypic information is available to distinguish selection candidates.
Meuwissen and Goddard [20] found large benefits from MAS but their results are not comparable to those presented here for several reasons. Firstly, their use of the term "recombination rate"(r) is not the standard one. Generally, recombination rate between two loci is defined as a function of their distance only, while they defined r as "the probability that the Mendelian sampling of the QTL alleles could not be followed by the marker haplotypes... due to recombination within the marker haplotype but also due to markers being non-informative, or the haplotype not being known with certainty". Thus their term r, depends not only on the distance between the markers and the QTL loci but also on the "informativeness" of marker loci. This means that their r is more a "traceability coefficient" rather than the recombination rate per se. They consider a range of values for r from 0.05 to 0.4 which would correspond to values for the true recombination rate much lower than those considered here (e.g. given the marker allele frequency assumed in this study, a recombination rate 0.1 is equivalent to their "r" being higher than 0.3). Secondly, combining together the effect of marker distance and marker information into a single parameter assumes that the informativeness of the markers remains constant over the selection process. This may prove to be an overoptimistic assumption since selection would change the frequency of the QTL producing a "hitch-hike" effect on the linked markers. Since some marker alleles may be lost, the information content of the linked markers may also decrease. The similar results obtained here for markers with 6 and 12 alleles suggest that the probability of losing alleles may be high. Finally, they did not allow double recombinations to occur except for one case (i.e. r = 0.4; see their Tab. V). Double recombinations could play a role in determining the value of MAS but, given their definition of r, it is unclear what this role is. The assumptions made by Meuwissen and Goddard [20] may explain why their conclusions about the value of MAS were more optimistic than ours. We would argue that allowing for double recombinations and, especially, for the marker information to decay over the selection process are more realistic assumptions.
The truncation selection schemes simulated by Meuwissen and Goddard [20] contained five ancestral generations with information on the markers available before the start of MAS. This extra information could have helped to have high accuracy in the estimation of the QTL effects and to obtain their large benefits from MAS, particularly in the first generations of selection. In our case, responses in the first generation of MAS were much closer to the responses obtained when ignoring genotypic information (PHE) than to the responses obtained from GAS. In order to investigate if the availability of more pedigree generations improve the accuracy (and therefore responses) four generations of random selection were simulated prior to generation zero (results not shown). The increased amount of marker genotype information at generation zero significantly increased the accuracy of the estimation of the QTL effects (from 0.54 to 0.65) but did not lead to higher gains. Also, when the assumption of a biallelic QTL was relaxed by simulating normally-distributed allelic effects, as in [20] , the responses from MAS were still substantially lower than those from GAS. Thus, the higher benefits from MAS observed by Meuwissen and Goddard [20] could be due to the unrealistic assumptions implied in their study that have been mentioned above.
The disappointing results of MAS when compared to GAS were due to two facts. Firstly, with MAS, selection on the QTL is indirect (as it is applied on the markers) rather than direct as with GAS. Secondly, with MAS, the QTL effects are estimated from the data rather than being known, as with GAS. Schemes where genotypes of the individuals were known but QTL effects need to be estimated would reduce the advantage of GAS. However, if the population size were large enough we may assume that the QTL effects would be well estimated. The fact that even with a very close marker bracket the early benefits of MAS were far from those with GAS shows the importance of knowing the genotypes for the QTL (i.e. cloning the QTL) once it has been mapped.
The attractiveness of the MAS evaluation method proposed by Fernando and Grossman [9] is its versatile use under different situations by carrying out the evaluation under a BLUP framework. The QTL information is summarised and included in the mixed model as the variance explained by the QTL and its position. The QTL position and the marker genotypes are used to calculate the IBD matrix needed in the evaluation. The variance explained by the QTL combines information on the QTL effect and its gene frequency but no knowledge on the magnitudes of these two parameters is considered by the mixed model. The results comparing gains obtained selecting directly on the QTL and responses selecting on the markers show that the basic mixed model approach of Fernando and Grossman [9] includes a restricted amount of information about the QTL which may explain the reduced benefit from MAS relative to GAS.
The results presented in this study showed that including prior information about the QTL effects of the candidates for selection substantially improves the response to selection. The magnitude of the extra response increased according to the accuracy of the extra information. The improvement in the response was to the extent that selection on the markers using very accurate prior information (ρ * > 0.80 through a modified version of the Fernando and Grossman method) could be as good as when selecting directly on the QTL. Surprisingly, even with the lowest accuracy considered (ρ * = 0.14 for n = 1), the increase in response was significant. This may partly be due to the fact that the prior information of an individual was assumed to be the true genotype effect (regressed by the squared accuracy of the prior) rather than being sampled from a distribution. Thus the results on the benefit of including priors into the evaluation described here may be overoptimistic but they clearly show the potential of using prior information on the QTL effect into the MAS evaluation.
Hence, given that there is scope for improvement by adding extra information on the QTL, it is important to determine the type of information available, assess the methodology for including such information and quantify the magnitude of the improvement when doing so. The prior information needs to be independent of the information available from the population under selection (marker genotypes and performance records). The methodology for adding prior information on the QTL effects that has been presented here may require modification if other types of prior are going to be used.
Therefore, further challenges in the process of incorporating MAS into practical breeding programmes should include the (i) identification of additional information which can be obtained for the mapped QTL to be used in a specific breeding scheme; and (ii) adaptation of MAS methods to include this information. The type and amount of extra information on the mapped QTL will vary accordingly with the breeding schemes. They may include knowledge of the gene frequency, genotype probability for the candidates for selection, population linkage disequilibrium between the markers and the QTL or a combination of these. For instance, QTL mapping using the granddaughter design commonly used in dairy cattle populations would also identify heterozygous individuals and the average allele substitution. QTL mapping studies in other animal species have been successful in estimating the effect of the QTL [5, 6, 32] . Because of the wide variety of the extra information available, the ways of including this into the evaluation procedure would also expect to differ accordingly. Methodology to include knowledge on the population linkage disequilibrium between the markers and the QTL has already been proposed [21] .
The simple rules derived by Henderson [14] and Quaas [25] to obtain the inverse of the A matrix made the application of BLUP animal models to large data sets possible. In the same way, the application of BLUP animal models including marker information in practical breeding programmes will depend, in most livestock species, on the development of efficient algorithms to obtain the inverse of the IBD matrix. These developments and the possible use of available extra information on the QTL could broaden the use of MAS for improving selection responses.
APPENDIX A
Inclusion of prior information on the QTL effects in the MA-BLUP evaluation
Let us assume that additional to the marker genotype information, some candidates also have independent prior information about the QTL effect. Thus, for an individual i,v * i is an estimate (with a certain accuracy ρ * i ) of the combined additive effects of its two QTL alleles.
Hence, the objective is to combine into the evaluation, both the prior information and the data of the population with appropriate weighting factors. In order to achieve that, the QTL estimates (v * i ) and their accuracies (ρ * i ) were transformed into a number of half-sib "phantom" offspring of i, each with one phenotypic record. The transformed data can, then, be included into a BLUP as suggested by Fernando and Grossman [9] and, therefore, making it possible to be combined together with the data of the selected population into a single evaluation procedure. The calculation of the number of offspring and their phenotype fromv * i and ρ * i for individual i, is shown in Appendix B. Sincev * i contains information only on the QTL effect, the statistical model for the phenotypes of the "phantom" offspring is: where y * o(i) is the phenotypic value of one "phantom" offspring of individual i, µ the overall mean of the current population under selection, µ * is the overall mean of the population from which the prior information came from, and v i o (i) and v x o(i) are the effects of the QTL alleles of the offspring inherited from i and a "phantom" mate of i, respectively.
Then, in order to account for the prior information in the evaluation, the BLUP of Fernando and Grossman [9] was extended to include some extra parameters. The mixed model equations (MME) given in the Methods section were augmented to include the extra mean (µ * ), the effects of the two alleles of the "phantom" offspring (v i o (i) and v x o(i) ) and the effects of "phantom" mate alleles (v p x(i) and v m x(i) ). Since the prior information is an estimate of the QTL effect, the equations related to the polygenic effects in the mixed model were not affected. Since the estimated allele effects for each "phantom"offspring and for the mate are not needed in the selection decisions, all n i "phantom" offspring of individual i can be added together in a single equation (i.e. estimating a combined effect of the "phantom" offspring QTL effect). Hence, assuming that h individuals have prior information, the MME would need to be augmented to include 4h + 1 extra parameters.
Left hand side of the MME
Let C be the left hand side of the MME augmented with the extra 4h + 1 parameters. Let µ * , v i o (i) , v x o(i) , v p x(i) and v m x(i) be the index denoting the extra rows and columns added in C to account for the prior mean, the effect of the alleles of the "phantom" offspring inherited from i and mate x, and the effects of the paternal and maternal alleles of the "phantom" mate of i, respectively. Also, let µ be the index for the position of the population mean and v p i and v m i be the index denoting the positions for the paternal and maternal QTL effects of the individual i. The process for constructing the matrix C would be to start filling it with the terms arising from the data of the evaluated population (see Methods section) and, after that, filling it with the other terms related to the records of the "phantom" offspring. For the latter, the 4h + 1 extra rows and columns are initially set to zero. Then, for each individual i with prior information:
where µ is the overall mean of the current population under selection, µ * is the mean of the population from where the prior information came from, and v i o (i) and v m o(i) are the effects of the alleles inherited from i and a "phantom" mate of i, respectively and e o(i) is the residual effect. Now let h 2 v be σ 2 v /σ 2 p and σ 2 p be σ 2 v + σ 2 e . The prior estimate of the QTL breeding value of individual i is:
wherev * i =v p * i +v m * i and b i is the weight obtained from the standard index selection theory, b i = Cov(v i ,ȳ * o(i) )/Var(ȳ * o(i) ). Assuming that QTL and environmental effects are uncorrelated,
where n i is the number of offspring. Then,
The accuracy of the estimatev * i is
. The number of "phantom" offspring (n i ) can be derived by substituting the expression for b i into the expression for ρ * i and solving for n i ,
· Similarly, the average phenotypic value of the "phantom" offspring (ȳ * o(i) ) can be expressed as a function of the accuracy and the prior estimate of the QTL effect:ȳ 
